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Exercising control over molecular reactivity
by confinement has great potential for both under-
standing and measuring complex chemical re-
actions (40, 41). Regioselective photoreactions
between individual molecules by molecular design
and self-assembly with in situ monitoring are
powerful demonstrations of chemical control via
the local environment (7, 42, 43). The extraordi-
nary resolution of the STM enables monitoring
molecular motions and reactions. Controlling the
chemical environment and monitoring such se-
lective reactions between individual molecules
will be important elements in directing chemistry
with this approach.
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A Circadian Rhythm Orchestrated
by Histone Deacetylase 3 Controls
Hepatic Lipid Metabolism

Dan Feng,™* Tao Liu,>* Zheng Sun,* Anne Bugge,* Shannon E. Mullican,* Theresa Alenghat,*

X. Shirley Liu,? Mitchell A. Lazar*t

Disruption of the circadian clock exacerbates metabolic diseases, including obesity and diabetes.
We show that histone deacetylase 3 (HDAC3) recruitment to the genome displays a circadian
rhythm in mouse liver. Histone acetylation is inversely related to HDAC3 binding, and this
rhythm is lost when HDAC3 is absent. Although amounts of HDAC3 are constant, its genomic
recruitment in liver corresponds to the expression pattern of the circadian nuclear receptor
Rev-erba. Rev-erbo colocalizes with HDAC3 near genes regulating lipid metabolism, and deletion
of HDAC3 or Rev-erbo in mouse liver causes hepatic steatosis. Thus, genomic recruitment of
HDAC3 by Rev-erba directs a circadian rhythm of histone acetylation and gene expression

required for normal hepatic lipid homeostasis.

eral organs display robust circadian rhythms,

coordinated with the daily cycles of light and
nutrient availability (/, 2). Circadian misalign-
ment causes metabolic dysfunction, and people
engaged in night-shift work suffer from higher
incidences of obesity, diabetes, and metabolic
syndrome (3-5). The molecular basis of this is
unknown, but genetic disruption of circadian clock
components in mice leads to altered glucose and
lipid metabolism (6—10).

Gene expression profiles in multiple metabol-
ic organs have revealed a circadian control of the

In mammals, metabolic processes in periph-
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transcriptome, which might be mediated by reg-
ulation of histone acetylation (//—13) that alters
the structure of the epigenome. Regulation of his-
tone acetylation is complex, involving multiple
histone acetyltransferases (HATs) and histone de-
acetylases (HDACs) (/4). Histone deacetylase
3 (HDAC3) functions in the regulation of circa-
dian rhythm and glucose metabolism (/5). We
report diurnal recruitment of HDAC3 to the
mouse liver genome detected by chromatin im-
munoprecipitation with an HDAC3-specific an-
tibody (fig. S1) and massively parallel DNA
sequencing (ChIP-seq).

At ZT10 [where ZT is Zeitgeber time (light
on at ZTO and off at ZT12)], in the light period
when mice are inactive, HDAC3 bound to over
14,000 sites in adult mouse liver (the HDAC3
ZT10 cistrome) (fig. S2A); a majority of these
binding sites were distant from transcription start
sites (TSS) or present in introns (fig. S2, B and
C). However, at ZT22, in the dark period when
mice are active and feeding, the HDAC3 signal
was dramatically reduced at ZT10 sites, with only
120 specific peaks (Fig. 1A and figs. S2, A and D,
and S3). HDAC3 recruitment oscillated in a 24-
hour cycle (Fig. 1B), and this rhythm was retained
in constant darkness (Fig. 1C), suggesting that it
was controlled by the circadian clock. The liver
clock is entrained by food intake (/6), and, in-
deed, the pattern of HDAC3 enrichment was re-
versed when food was provided only during the
light period (Fig. 1D), further supporting the con-
clusion that the thythm of HDAC3 genomic re-
cruitment was controlled by the circadian clock.

Despite its known role in histone deacety-
lation and transcriptional repression, HDAC3
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Fig. 1. Gircadian rhythm of genomic HDAC3 recruitment in mouse liver.
(A) Heat map of HDAC3 binding signal at ZT10 (left) and ZT22 (right)
from —1 kb to +1 kb surrounding the center of all the HDAC3 ZT10
binding sites, ordered by strength of HDAC3 binding at ZT10. ChIP-seq
with antibody against HDAC3 (anti-HDAC3) was performed, and data were
analyzed as described in (31). Each line represents a single HDAC3 binding
site, and the color scale indicates the HDAC3 signal (reads encompassing
each locus per million total reads). A read is a unique sequence obtained
in ChIP-seq and then aligned to the mouse genome. ZT, Zeitgeber time
(light on at ZT0, off at ZT12). (B) HDAC3 recruitment at two selected genomic
sites over a 24-hour cycle by ChIP—polymerase chain reaction (PCR). Immu-
noprecipitated DNA was normalized to input. Values are mean + SEM (n = 4
or 5). (€) HDAC3 diurnal genomic recruitment is maintained in constant
darkness. Six HDAC3 binding sites were assessed by ChIP-PCR (1 = 4 or 5),
and the Bmall promoter served as a positive control (23); regions close to
the TSS of the Arbp and Ins genes served as negative controls. CT, circadian
time. (D) The rhythm of HDAC3 recruitment is reversed by daytime feed-
ing (n = 4 or 5). RF, food was provided only from ZT3 to ZT11 every day
for 2 weeks.

Fig. 2. Orchestration of genome-wide rhythms of histone A
acetylation, Pol Il recruitment, and gene expression by HDAC3. wT
(A) Heat map of the H3K9 acetylation (H3K9Ac) signal in WT z122

liver at ZT22 (left), ZT10 (middle), and ZT10 in liver depleted of
HDAC3 (KO) (right) from —1 kb to +1 kb surrounding the
center of all the HDAC3 ZT10 binding sites, ordered by k means
clustering of H3K9Ac signal. Each line represents a single
HDAQ3 binding site, and the color scale indicates the H3K9Ac
signal per million total reads. HDAC3-depleted liver was re-
moved from HDAC3™ mice 1 week after injection of AAV-Cre
as in (31). (B) Average H3K9Ac signal from —1 kb to +1 kb sur-
rounding the center of all the HDAC3 ZT10 binding sites. The y
axis represents the H3K9Ac signal per million total reads. bp,
base pairs. (C) Heat map of Pol Il signal at ZT10 (left) and ZT22
(right) from —1 kb to +1 kb surrounding the TSS of genes with
HDAGQ3 recruitment within 10 kb of the TSS, ordered by strength
of Pol Il binding at ZT22. Each line represents a single HDAC3-
bound gene, and the color scale indicates the Pol Il signal per
million total reads. Green marks denote 130 genes under the
Gene Ontology term “Lipid Biosynthetic Process” listed in table
S1. (D) Genes up-regulated in liver depleted of HDAC3 are
significantly enriched for HDAC3 binding at ZT10. Expression
arrays of WT and HDAC3 KO liver were performed and analyzed
as described in (31), and the percentage of HDAC3-bound genes
in each category was calculated. *P ~ 107**® based on hyper- i} ")
geometic distribution as in (31). HDAG
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recruitment has been reported to be associated
with high histone acetylation, RNA polymer-
ase II (Pol II) recruitment, and gene expression
in human primary T cells (/7). In mouse liver,
HDACS3 recruitment at ZT10 was also enriched
around active genes (fig. S4A), and many of these
display circadian expression patterns (/8) (fig.
S4B). Thus, HDAC3 may have an important
role in transient regulation of these active genes
by the circadian clock. Consistent with this hy-
pothesis, we observed decreases in acetylation
of histone H3 lysine 9 (H3K9) at ZT10 com-
pared with that at ZT22, the inverse of HDAC3

ZT 6 10 14 18 22 26
HDAC3 M’--—-v- and -

Rev-erbo. #REIR & &
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recruitment to these sites (Fig. 2, A and B). De-
letion of hepatic HDAC3 by tail vein injection of
adeno-associated virus expressing cre-recombinase
(AAV-Cre) into adult C57Bl/6 mice homozygous
for a floxed HDAC3 allele (HDAC3™™) (fig. S1A)
led to H3K9 acetylation at ZT10 comparable to
that of wild-type mice at ZT22 (Fig. 2, A and B).
Accompanying the decreased H3K9 acetyla-
tion at ZT10 was a decrease in binding of RNA
polymerase II (Pol II) at the TSS of genes with
HDACS3 binding within 10 kb, indicating that
they were actively repressed (Fig. 2C). Indeed, the
majority of genes whose transcripts were increased

Rev-erbo
ZT10

12,866

17,113

1.4 1
1.2 EZT10 WT
1.0 OZT22 WT
08 mZT10 Rev-erbo KO
T DOZT22 Rev-erbo KO
0.6 1
0.4 1
0.2 1
0 L
Bmal1 1 2 3 4 5 6 Arbplns
HDACS3 Sites
mZT10 WT
1.2 1 0zT22 WT
101 BZT10 Rev-erba KO
’ 0ZT22 Rev-erba KO
0.8
0.6 1
0.4
0.2

Bmali 1 2 3 4 5
HDACS3 Sites

6 Arbplins

Fig. 3. Recruitment of HDAC3 to the genome by Rev-erba. (A) Immunoblot of HDAC3 and Rev-erbo
over a 24-hour cycle in mouse liver. Heat shock protein 90 (Hsp90) levels are shown as loading control.
(B) The HDAC3 cistrome at ZT10 largely overlaps with the Rev-erba cistrome at ZT10. ChIP-seq with
anti-Rev-erbo, was performed and analyzed as described in (31). (C) Heat map of Rev-erbo at ZT10 and
Z122 (left) and of NCoR at ZT10 and ZT22 (right), both at HDAC3 ZT10 sites ordered as in Fig. 1A. Each
line represents a single HDAC3 binding site, and the color scale indicates the signal per million total
reads. (D and E) HDAC3 (D) and NCoR (E) recruitment to six binding sites (as in Fig. 1C) were inter-
rogated by ChIP-PCR in liver from mice lacking Rev-erba. The Bmall promoter was used as a positive
control (23); regions close to the TSS of the Arbp and Ins genes served as negative controls. Values are

mean + SEM (n = 3).
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1 week after HDAC3 deletion in liver displayed
HDAC3 binding within 10 kb of their TSS in
WT mice at ZT10 (Fig. 2D). Thus, genome-wide
diurnal recruitment of HDAC3 directs a rhythm
of epigenomic modification, Pol II recruitment,
and gene expression.

Although HDACS3 recruitment to the genome
is diurnal, the abundance of HDAC3 was con-
stant throughout the light/dark cycle (Fig. 3A).
HDACS3 enzyme activity requires interaction with
nuclear receptor (NR) corepressors (/9), and de
novo motif analysis of the HDAC3 binding sites
revealed the classical motif recognized by a num-
ber of NRs (fig. S5). The NR Rev-erbo. is a tran-
scriptional repressor that is expressed in a circadian
manner (20), and the abundance of Rev-erba
protein oscillated in phase with HDAC3 recruit-
ment (Fig. 3A). We used a Rev-erbo—specific
antibody (fig. S6A) to determine the Rev-erba
binding sites (fig. S6, B and C). At ZT10, the
Rev-erbo binding sites overlapped with the ma-
jority of HDAC3 binding sites (Fig. 3B). Further-
more, Rev-erbo, bound to the majority of HDAC3
ZT10 sites at ZT10 but not ZT22 (Fig. 3C). The
extent of overlap of HDAC3 with Rev-erbo was
surprising given that other NRs can interact with
corepressors and HDAC3 (21). However, HDAC3
recruitment was diminished at many sites in Rev-
erba knockout (KO) mice (Fig. 3D), consistent
with a critical role for Rev-erbo, although resid-
ual HDAC3 binding suggests that other factors
also contribute to its recruitment. Rev-erba re-
cruits HDAC3 via the nuclear receptor corepres-
sor (NCoR) (22, 23). NCoR was recruited to
HDACS3 sites with a diurnal rhythm (Fig. 3C),
which was attenuated in the Rev-erbo. KO mice
(Fig. 3E). Moreover, HDAC3 bound together
with NCoR as well as Rev-erbo. at the majority
of ZT10 sites (fig. S7).

We addressed the biological role of the cir-
cadian genomic recruitment of HDAC3 in mouse
liver. The set of genes bound by Rev-erbo and
HDACS3, and up-regulated in livers depleted of
HDACS3, was enriched for genes encoding pro-
teins that function in lipid metabolic processes
(Fig. 4A). Indeed, in liver of chow-fed mice in
which HDAC3 was deleted for 2 weeks, Oil Red
O staining for neutral lipid was dramatically in-
creased (Fig. 4B), and liver triglyceride content
was increased nearly 10-fold (Fig. 4C), with se-
rum transaminase activity increasing only mod-
estly (fig. S8A). This was consistent with a fatty
liver phenotype of mice depleted of hepatic
HDACS3 in utero (24) (fig. S9).

The majority of genes up-regulated in liver de-
pleted of Rev-erbo. (25) were bound by HDAC3
as well as Rev-erba at ZT10 (fig. S10). Indeed,
chow-fed C57Bl/6 mice genetically lacking Rev-
erbo (26) had normal serum transaminase ac-
tivity (fig. S8B), but Oil Red O staining of liver
was increased (Fig. 4D) and hepatic triglycer-
ide content was nearly double that of wild-type
mice (Fig. 4E). The relatively modest hepatic stea-
tosis in the Rev-erbo—deleted mice likely re-
flects a role for HDAC3 in mediating effects of

11 MARCH 2011
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other NRs—including Rev-erbf, whose circadian
expression pattern is similar to that of Rev-erba
(27)—Dbut could also reflect a compensatory ef-
fect of Rev-erba KO in other tissues. Neverthe-
less the finding that depletion of either Rev-erba
or HDAC3 led to a fatty liver phenotype supports
the conclusion that circadian Rev-erbo recruit-
ment of HDAC3 to lipid metabolic genes plays
a critical physiological role.

Rev-erbo and HDAC3 colocalized at >100
lipid biosynthetic genes at ZT10, including Fasn

Genes bound by HDAC3 and Rev-erbo
and up-regulated in HDAC3 KO

and Acaca (table S1), and Pol II recruitment
increased from ZT10 to ZT22 at the TSS of
many of these genes (Fig. 2C), suggesting that
they were directly repressed. Assessment of
palmitate synthesis after injection of deuterated
water revealed increased de novo lipogenesis
in mice lacking hepatic HDAC3 (Fig. 4F) and
in Rev-erbo. KO mice (fig. S11), thus revealing
a molecular mechanism underlying the obser-
vation that hepatic lipogenesis in mice follows
a diurnal rhythm (28) that is antiphase to Rev-

HDAC3"' /GFP HDAC3"!/Cre

g

Biological Processes p-value
Lipid metabolic process 1.72E-24
Metabolic process 8.22E-21
) |
Cellular amino acid and 8.33E-19 > 60
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|(._') 40
Primary metabolic process 8.30E-17 o 30
g 20 |
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Fig. 4. Regulation of hepatic lipid homeostasis by HDAC3. (A) Gene Ontology analysis of the HDAC3-
and Rev-erbo—bound genes that were up-regulated in liver depleted of HDAC3 was performed as de-
scribed in (31). (B) Oil Red O staining of liver from 12-week-old HDAC"™ mice 2 weeks after tail vein
injection of AAV—green fluorescent protein (GFP) or AAV-Cre. (C) Hepatic triglyceride (TG) levels in mice
treated as in (B). (D) Oil Red O staining of livers from 9-week-old WT and mice lacking Rev-erba: (Rev-erbo
KO). (E) Hepatic TG levels in livers from 9-week-old WT and Rev-erbo, KO. Values are mean + SEM (n =
4). *P < 0.05 by Student's f test. (F) Hepatic de novo lipogenesis (DNL) in 12-week-old HDAC3™" mice
1 week after infection with AAV-Cre or with AAV-GFP. Hepatic DNL is measured as newly synthesized ?H-
labeled palmitate. Values are mean + SEM (7 = 7 or 8). *P < 0.05 by Student’s ¢ test. (G) Model
depicting the mechanistic links between the daily cycles of Rev-erbo expression (orange oval), HDAC3
genomic recruitment, epigenomic status, and hepatic lipogenesis.
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erbo. and HDAC3 recruitment to the mouse
genome.

These findings demonstrate the existence of
circadian changes in histone acetylation whose
dysregulation has the potential to cause major
perturbations in normal metabolic function. Each
day, low concentrations of Rev-erbo lead to re-
duced HDAC3 association with the liver ge-
nome while the organism is active and feeding,
altering the epigenome to permit lipid synthesis
and accumulation until abundance of Rev-erba
increases HDACS3 recruitment to liver metabolic
genes and halts the lipid build-up (Fig. 4G).
When either Rev-erba or HDAC3 is depleted,
this cycle does not occur, and fatty liver ensues.
Misalignment of fasting/feeding and sleep/wake
cycles with endogenous circadian cycles could
disrupt the thythm of HDAC3 association with
target genes and contribute to the fatty liver ob-
served in rotating shift workers as well as people
with genetic variants of molecular clock genes
(29, 30).
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A Bacterial Protein Targets the BAHD1
Chromatin Complex to Stimulate
Type Ill Interferon Response

Alice Lebreton,*?3 Goran Lakisic,* Viviana Job,’ Lauriane Fritsch,® To Nam Tham,?
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Intracellular pathogens such as Listeria monocytogenes subvert cellular functions through

the interaction of bacterial effectors with host components. Here we found that a secreted listerial
virulence factor, LntA, could target the chromatin repressor BAHD1 in the host cell nucleus

to activate interferon (IFN)—stimulated genes (ISGs). IFN-A expression was induced in response

to infection of epithelial cells with bacteria lacking LntA; however, the BAHD1-chromatin
associated complex repressed downstream 1SGs. In contrast, in cells infected with [ntA-expressing
bacteria, LntA prevented BAHD1 recruitment to I1SGs and stimulated their expression. Murine
listeriosis decreased in BAHDI*'~ mice or when IntA was constitutively expressed. Thus, the
LntA-BAHD1 interplay may modulate IFN-A—mediated immune response to control bacterial

colonization of the host.

ogen that can cause serious illness in preg-

nant women and immunocompromised
individuals (7). This intracellular bacterium uses
an arsenal of effectors to exploit cellular func-
tions in various ways (2). Host cells respond to
this invasion by turning on appropriate defense
transcriptional programs (3). Listeria and other
pathogens can manipulate chromatin to reprogram
host transcription (4, 5). However, very few bacte-
rial molecules have been shown to enter eukary-
otic cell nuclei, and knowledge about microbial
factors that may act directly on the chromatin-
regulatory machinery is limited (6).

To identify factors involved in bacterial patho-
genicity, we screened the L. monocytogenes strain
EGDe genome for genes encoding secreted pro-
teins absent in nonpathogenic Listeria species.
Imo0438/IntA (listeria nuclear targeted protein A)
was one such gene (fig. S1A). IntA was expressed
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at very low levels by the EGDe strain grown in
brain-heart infusion (BHI) medium (fig. S1B)
(7). Two major regulators of virulence genes,
PrfA and o®, were required for basal /nt4 tran-
scription (Fig. 1A). IntA expression was signif-
icantly higher in bacteria harvested from spleens
of infected mice, 48 hours after intravenous in-
oculation, compared with that of bacteria grown
in BHI (Fig. 1B). In addition, deletion of /nt4 led
to a decrease in bacterial colonization of spleens
and livers, as well as blood bacteraemia (Fig.
1B). /ntA thus contributes to L. monocytogenes
virulence. It encodes a 205—amino acid basic
protein with a N-terminal signal peptide but no
sequence similarity with any known polypep-
tide. The 2.3 A resolution structure of LntA re-
veals a compact a-helical fold (fig. S2) [Protein
Data Bank (PDB) ID no. 2xl4]. Consistent with
low [ntA transcription levels in vitro, LntA was
undetectable in either total extracts or superna-
tants of wild-type (WT) bacteria grown in BHI
(Fig. 1C).

To address the role of LntA during L. mono-
cytogenes cellular infection, we generated strains
that constitutively expressed /nt4 under the con-
trol of a heterologous promoter, either on the chro-
mosome (IntA°") or on a plasmid in fusion with
the V5 tag (Int4">") (tables S1 and S2). Both
strains produced and secreted LntA (Fig. 1C and
fig. S1C) and showed no noticeable difference in
entry or multiplication in cultured cells compared

with the WT or /nt4-deficient strains (AlntA,
IntA”, or IntA°") (table S3A and fig. S3). Secreted
LntA accumulated in the nucleus of fibroblasts
after 22 hours of infection with /nt4¥>" bacteria
(Fig. 1D and fig. S4A). We thus assessed whether
LntA interacted with nuclear proteins in a large-
scale yeast two-hybrid screen of a human cDNA
library. One of the strongest LntA interactors was
BAHDI, a silencing factor that orchestrates hetero-
chromatin assembly at specific genes such as that
for insulin-like growth factor 2 IGF?2 (8). A fusion
of LntA with glutathione S-transferase (GST)
pulled down V5-tagged BAHD!1 from nuclear
extracts, which confirmed the capacity of LntA to
specifically interact with BAHD1 (Fig. 1E). When
produced ectopically in human fibroblasts, LntA
colocalized with heterochromatin nuclear foci that
were induced by overexpression of BAHDI1
tagged with yellow fluorescent protein (BAHDI1-
YEP) (8), both in fixed (LntA-V5) (Fig. 1F) and
in living cells (LntA tagged with cyan fluorescent
protein, LntA-CFP) (fig. S4B).

Because BAHDI is involved in gene silenc-
ing, LntA might control host gene expression. To
assess this hypothesis, we performed a tran-
scriptome analysis of colon carcinoma epithelial
LoVo cells infected for 24 hours with either /nt4¥>"
or [ntA” bacteria (GEO database, GSE26414).
The Intd">" bacteria specifically up-regulated
the expression of a subset of genes, out of which
39 displayed a more than twofold induction
(table S4). Of these genes, 83% belonged to the
interferon-inducible genes regulon: 28 are known
interferon-stimulated genes (ISGs), including
three genes (IL29, IL28A4, and IL28B) that encode
type III interferons (IFN-A1, -A2, and -A3), and
four are predicted ISGs. LntA may thus play a
role in the IFN-IIl-mediated immune response.
This pathway controls various viral infections,
especially in epithelial tissues (9—13).

We confirmed that WT L. monocytogenes trig-
gered the expression of /FN-A2 in intestinal LoVo
and placental JEG-3 epithelial cells (Fig. 2A and
fig. SSA), while type I IFN-f1 was induced a little
and type Il /FN-y was undetectable. However,
the induction of downstream ISGs was modest
(Fig. 2A), except for CCLS5, which, like /FN-A
genes, is controlled both by nuclear factor kB
(NF-xB) and interferon regulatory factors (IRFs)
(14). These data suggested that interferon sig-
naling was down-regulated in infected cells.
We wondered whether the host factor BAHD1
could act as a repressor of ISGs, as it does for
IGF?2 (fig. S5B) (8). Knockdown (depletion) of
BAHD1 had no or minor effect on ISG expression
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